Previous results obtained by KASCADE-Grande using QGSjetII-02, EPOS1.99 and SIBYLL hadronic interaction models have shown that the energy spectrum of cosmic rays between 10 16 eV and 10 18 eV exhibits a significant hardening at approximately 2×10 16 eV, a slight but statistically significant steepening close to 10 17 eV, i.e. the 'knee' caused by the heavy component of primary cosmic rays, and an 'ankle' like feature of the light component just above 10 17 eV. In this paper, we report on results of similar analyses performed using the post-LHC versions of the models QGSJetII-04 and EPOS-LHC.
Introduction
The recent findings of KASCADE-Grande [1, 2, 3] indicate that there are some features in the all-particle energy spectrum and in the spectra of the mass-groups in the energy range 10 16 -10 18 eV. The details of these findings rely on the results of simulations and the description of hadronic interactions for reconstructing the properties of the primary particle which differ in predictions. However, a cross-check of the results obtained with various pre-LHC interaction models showed that, qualitatively, similar features are present in the spectra, independently of the interaction model used to interpret the data [4, 5, 6] .
In this paper, we present the results on the all-particle energy spectrum and mass-group separation of KASCADE-Grande data interpreted using the post-LHC versions of the EPOS [7] and QGSJetII [8] high-energy hadronic interaction models in the CORSIKA framework [9] , namely EPOS-LHC and QGSJetII-04. Such results are compared to those obtained using the pre-LHC versions of these models, EPOS 1.99 and QGSjetII-02, as well as those obtained using SIBYLL 2.1 [10] hadronic interaction model (see [4, 5, 6] for details). Moreover, the analysis presented in this paper is based on the full statistics accumulated by KASCADE-Grande during its operational time between 2002 and 2013.
The technique to infer the energy spectrum and mass separation is the same as in the QGSjetII-02 analyses [1, 2, 3] and it is described in detail in [11] . In the following, the names are abbreviated as SIBYLL, EPOS (for EPOS 1.99), EPOS-LHC, QGS2v4 (for QGSJetII-04) and QGSjet (for QGSJetII-02), respectively. In all cases, FLUKA [12] is used to describe the low-energy interactions in air-shower development.
The technique
The technique employed to derive the all-particle energy spectrum and the abundance of 'light' and 'heavy' primaries is based on the correlation between the number of charged particles (N ch ) with energy E > 3 MeV, and muons (N µ ) with kinetic energy E > 230 MeV on an event-by-event basis. Grande stations provide the core position and angle-of-incidence, as well as the total number of charged particles in the shower at observation level. The values are calculated by means of a maximum likelihood procedure comparing the measured number of particles with the one expected from a modified NKG lateral distribution function. The total number of muons is calculated using the core position determined by the Grande array and the muon densities measured by the KAS-CADE muon array detectors. Also in this case the total number of muons N µ in the shower disk is derived from a maximum likelihood estimation where the lateral distribution function is based on the one proposed by [13] . The reconstruction procedures and accuracies of KASCADE-Grande observables are described in detail in [14] and related references therein.
Sets of simulated events were produced in the energy range from 10 15 eV to 3 × 10 18 eV with high statistics and for five elements: H, He, C, Si and Fe, as representatives for different mass groups.
For the reconstruction of experimental events and simulated data, we restricted ourselves to events with zenith angles less than 40 • . Additionally, only air showers with cores located in a central area of the KASCADE-Grande array were selected (∼0.15 km 2 ). With these cuts on the
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KASCADE-Grande energy spectrumfiducial area, border effects are discarded and possible under-and overestimations of the muon number for events close to and far away from the center of the KASCADE array are reduced. All of these cuts were applied also to the Monte Carlo simulations to study their effects. Full efficiency for triggering and reconstruction of air-showers is reached at a primary energy of ≈ 10 16 eV. The analysis presented here is based on a total time of 1753 days between 2002 and 2013 with the requirement that KASCADE-Grande operated with good data quality. The cuts on the sensitive central area and zenith angle correspond to a total acceptance of A = 0.1976 km 2 · sr, and an exposure of N = 0.949 km 2 · sr· year, respectively.
Based on Monte-Carlo simulations a formula is obtained to calculate the primary energy per individual shower on the basis of the reconstructed N ch and N µ . The formula takes into account the mass sensitivity in order to minimize the composition dependence in the energy assignment, and at the same time, provides an event-by-event separation between 'light' and 'heavy' candidates. The formula is defined for 5 different zenith angle intervals independently, to take into account the shower attenuation in the atmosphere. Data are combined only at the very last stage to obtain a unique spectrum. The energy assignment is defined as E = f (N ch , k) (see equation 2.1), where N ch is the number of charged particles and the parameter k is defined through the ratio of the numbers of the N ch and N µ components:
The main aim of the k variable is to take into account the average differences in the N ch /N µ ratio among different primaries with similar N ch and the shower to shower fluctuations for events of the same primary mass :
The k parameter is, by definition of eq. (2.2), a number centered around 0 for H initiated showers and 1 for Fe ones if expressed as a function of N ch for Monte Carlo events. It is expected that the average values of the k paramenter for the experimental data lie between the H and Fe limits. In case this is not verified it would be a hint of some deficit of the model to describe the experimental data. Naturally, as the calibration functions differ from model to model, the same experimental event might give different values of k when different calibration functions are used. Simulated events using a mixture of all primaries have been divided in bins of true energy and the distributions of the relative differences between reconstructed and true energies have been created. The RMS of such distributions (energy resolution) is ∼ 26% at the energy threshold and decreases with energy, due to the lower fluctuations of the shower development and reconstruction uncertainties, becoming < 20% at the highest energies. The ratio of the reconstructed flux over the true one in each energy differs by less than 10% from unity. This results applies also for pure light (50% H -50% He) or pure heavy (50% Si -50% Fe) compositions. A similar behavior exists for all hadronic interaction models.
Assuming QGSjet as the reference model for a fixed energy, EPOS-LHC, QGS2v4 and EPOS show a higher muon content, while SIBYLL simulated events show less amount of electrons and muons. As a consequence, when interpreting the same experimental event, EPOS-LHC, QGS2v4 and EPOS are expected to assign a lower energy than QGSjet, while SIBYLL a higher one. This is
KASCADE-Grande energy spectrum M. Bertaina confirmed by Fig. 1 . In that figure, the average relative difference between the energy reconstructed on experimental data by EPOS-LHC, QGS2v4, EPOS and SIBYLL compared to QGSjet on an event-by-event basis, for different energy bins is shown. The post-LHC models assign an average of 5% (QGS2v4) -12% (EPOS-LHC) lower energy than QGSjet. The pre-LHC models EPOS and SIBYLL give a 10% lower and higher energy, respectively.
The energy spectrum
Applying the energy calibration functions obtained by each model to the measured data, the all-particle energy spectra for the five zenith angle bins are obtained for QGSjet, EPOS-LHC, QGS2v4, SIBYLL and EPOS. For all the models an unfolding procedure has been applied as well. Different sources of uncertainty affect the all-particle energy spectrum. A detailed description is reported in [2] . They take into account: a) the angular dependence of the parameters appearing in the energy calibration functions of the different angular ranges. b) The possible bias introduced in the energy spectrum by different primary compositions. c) The spectral slope of Monte Carlo used in the simulations. d) The reconstruction quality of N ch and N µ . The total systematic uncertainty is ∼20% at the threshold (E = 10 16 eV) and ∼30% at the highest energies (E = 10 18 eV) almost independently from the interaction model used to interpret the data. The final all-particle spectrum of KASCADE-Grande is obtained (see Fig. 2 ) by combining the spectra for the individual angular ranges. Only those events are taken into account, for which the reconstructed energy is above the energy threshold for the angular bin of interest. In general the shape of the energy spectrum is very similar for the five models, however, a shift in flux is clearly observed which amounts to ∼25% increase in case of SIBYLL and ∼15% decrease in case of EPOS-LHC. This is the consequence of the energy shift assigned on an event-by-event basis previously discussed. This result gives an estimation of the systematic uncertainty on the experimental flux due to the hadronic interaction model used to interpret the data, and it is essentially independent of the technique used to derive the flux, namely averaging the fluxes obtained in different angular bins. In general the post-LHC models tend to decrease the flux compared to the original QGSjet energy spectrum by 5% -15%. The shift in the assigned energy to the data is also visible in the hardening around ∼ 2 × 10 16 eV and in the steepening around 10 17 eV which look shifted among the models in general agreement with the energy shift. This result indicates that the features seen in the spectrum are not an artefact of the hadronic interaction model used to interpret the data but they are in the measured data. In the overlapping region, KASCADE-Grande data are compatible inside the systematic uncertainties with KASCADE data interpreted with the same model.
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The separation into mass groups
The mass-group separation is performed subdividing the measured data in two samples: the electron-poor and electron-rich samples based on the k parameter -see equation 2.2. A detailed explanation of the procedure is reported in [1, 3] . The electron-poor and electron-rich samples, defined in this way, indicate the 'heavy' and 'light' mass-groups, respectively. The analysis is conducted independently for each hadronic interaction model. In each energy bin the average value of k for pure H, He, C, Si and Fe simulated compositions is evaluated. These values are very similar among models by construction (see equation 2.2). In fact H showers will lead to average
PoS(ICRC2015)359
KASCADE-Grande energy spectrum M. Bertaina k values close to 0 and Fe showers close to 1. Two lines are used to separate events into heavy (k(E) > k h (E)) and light mass groups (k(E) < k l (E)), where the separation line of the heavy massgroup is defined by fitting the k h (E) = (k Si (E) + k C (E))/2 points which are obtained by averaging the values of k for Si and C components of the simulated events, and the light mass-group is defined by fitting the k l (E) = (k C (E) + k He (E))/2 points which are obtained by averaging the values of k for C and He components of the simulated events. Naturally, the absolute abundances of the experimental data in the two samples depend on the value of the cut lines. However, the evolution of the abundances as a function of energy will be retained by this approach, as the lines are defined through a fit to the k values. The assignment to the heavy or light mass groups is performed on an event-by-event basis. Due to the different N ch /N µ ratio among models for the same k value, the same experimental event might be assigned to the same group, to none of them or even to a different group depending on the model used. As a consequence, the abundances of the so defined heavy and light groups will vary among models. The abundances of the heavy (left plot) and of the light (right plot) according to the different hadronic interaction models used to interpret the data are shown in Fig. 3 . With such a selection cut the reconstructed spectrum of the heavy primary sample shows a distinct knee-like feature around 10 17 eV for all hadronic interaction models. Applying a fit of two power laws to the spectrum interconnected by a smooth knee in the entire energy range 16.2 < log 10 (E/eV ) < 18.0 results in a statistical significance that the entire spectrum cannot be fitted with a single power-law. These results are summarized in tab.1. The spectrum of the electron-rich component is much steeper with a possible hardening at the highest energies for all models. Details are discussed in [3, 15] . Table 1 : Slope of the different spectra and break positions obtained with the five different hadronic interaction models, by applying the k parameter analysis in order to extract the spectrum of the heavy component.
Conclusions
The energy spectrum and separation into mass-groups have been obtained for the post-LHC models EPOS-LHC and QGS2v4. The results have been compared to those obtained using SIBYLL, EPOS and QGSjet hadronic interaction models using the same approach. The results confirm qualitatively the previous findings. The all-particle spectrum in the range 10 16 -10 18 eV is found to exhibit some smaller structures: In particular, a hardening of the spectrum at ∼2 × 10 16 eV, and a small break-off at ∼8 × 10 16 eV. The energy position of such features slightly depends on the energy assigned by the interaction model to the event. In general is at lower energies for EPOS-LHC and QGS2v4 compared to QGSjet. The separation into mass groups performed via the k parameter reveals that the knee-like feature around 10 17 eV in the all-particle spectrum is associated with a break in the heavy component. The abundance of the heavy component varies significantly among models, however EPOS-LHC and QGS2v4 show similar behavior. In this sense the interpretation of which mass group is responsible for this break strongly depends on the hadronic interaction model employed to interpret the data. The spectrum of the electron-rich component is much steeper with a tendency for hardening above 10 17 eV for all models.
